In the winter of 1989 and the spring of 1990, there were large outbreaks of respiratory disease in two swine herds in Nagasaki Prefecture, southern Japan. Serological surveillance indicated that the majority of swine possessed antibodies to swine influenza virus H 1 haemagglutinin and neuraminidase of early H3N2 influenza virus strains. Eight viruses were isolated from swine that showed typical clinical symptoms of influenza. The haemagglutinin and neuraminidase of these isolates were closely related to those of swine HIN1 and early human H3N2 viruses, respectively. At least two types of haemagglutinin antigens, distinguished by two monoclonal antibodies, were involved in the outbreaks. Evolutionary analyses indicated that the haemagglutinin gene of the H1 N2 reassortants was closely related to those of a recent swine lineage (A/sw/HK/1/74 and A/sw/Ehime/1/80 viruses). However, the neuraminidase genes of the HI N2 reassortants were similar to those of swine N2 viruses which in turn are related to early human H3N2 viruses. A comparison of partial nucleotide sequences revealed that the six other genes of A/sw/Nagasaki/ 1/89 were derived from those of swine H 1 N 1 virus.
Introduction
It has been suggested that swine play a potential role in the appearance of human pandemic influenza virus strains by genetic reassortment between avian and human influenza A viruses. In fact, RNA segments of Asian (H2N2) and Hong Kong (H3N2) viruses, which suddenly appeared in man as pandemic strains in 1957 and I968, respectively, appear to have been derived from those of previously circulating human and avian viruses (Scholtissek et al., 1978) . Similarly, nucleotide sequencing has indicated that the PB1 genes of 1957 Asian Author for correspondence: Kuniaki Nerome. Fax +81 3 5285 1155. e-mail knerome@nih.go.jp 1 Present address: The University of Tokyo Laboratory of Molecular Genetics, The Institute of Medical Science, 4-6-1, Minato-ku, Tokyo 108. Japan.
The nucleotide sequence data of the HA genes of A/sw/Nagasaki/1/89 and A/sw/Nagasaki/1/90 influenza viruses have been deposited in the DNA DataBank of Japan and assigned the accession numbers D00781 and D00782.
viruses were introduced from avian species . With regard to the Hong Kong virus, a large number of H3N2 viruses, which are antigenically and genetically similar to early human H3N2 virus, have been isolated in southern China (Shortridge & Webster, 1979; Shortridge eta] ., I976, 1987; Shu et at., 1994; Nerome et at., 1995) . These studies showed that interspecies transmission of H3N2 influenza viruses may occur between humans and swine. Indeed, it has been demonstrated in recent reports that swine H3N2 viruses isolated in southern China contained genes from H3N2 and swine HIN1 viruses (Shu et al., 1994; Nerome et al., 1995) .
Swine may play an important role in introducing avian virus genes into human influenza viruses (Gorman et al., 1991; Shult:z et at., 199I) . Phylogenetic analyses of the nudeoprotein (NP) and other genes suggest that pigs serve as 'mixing vessels' for the generation of new pandemic strains in humans (Castrucci et al., 1993) . H3N2 reassortants containing human and avian genes have recently been isolated from children (Claas et al., 1994) .
Following the first isolation of an authentic reassortant (HIN2) virus from a pig in Japan (Sugimura et a]., 1980;  iii!iiiiiiiiiiiiiiiiiiiiiiii iiii iiiii ii iiiiiiiiiiTiiii!iil Nerome et al., 1983) , a second virus (HIN2) was isolated in Ehime Prefecture in western Japan during the winter of i980. It was evident that this virus contained a neuraminidase (NA) antigen that was nearly identical to that of early human Hong Kong virus (Nerome et al., 1985) . Subsequently, phylogenetic analysis of the NA gene defined its evolutionary pathway, suggesting that early Hong Kong virus still circulates in the swine population in Japan . It was, however, uncertain whether these viruses caused real outbreaks of influenza in swine populations.
In this study, reassortant influenza A viruses were found to predominate in a full-scale outbreak of influenza in the swine population of Nagasaki Prefecture, Japan. In addition to serological and virological surveillance, evolutionary analysis of the genes encoding the two surface glycoproteins and genetic derivation of the remaining six RNA segments of a reassortant virus isolated in Nagasaki Prefecture are presented. A/Victoria/3/75 (HdN2) and four swine (H1N2) viruses isolated in the present study (A/sw/Nagasaki/I/89, A/sw/Nagasaki/1/90, A/sw/ Nagasaki/21/90 and A/sw/Nagasaki/22/90) were grown in 11-dayold embryonated hen's eggs.
Methods
• Antigenic analyses. Haemagglutination inhibition (HI) and neuraminidase inhibition (NI) tests were carried out as described previously (Nerome eta]., 1982; WHO, 1973) . In HI tests, post-infection ferret sera, hyperimmune sera and MAbs to H1 haemagglutinin (HA) of A/NJ/8/76 were used, as shown in Tables 1 and 2 . All MAbs were kindly supplied by Dr R.G. Webster (St Jude Childrens' Research Hospital, Memphis, Tenn., USA).
• Serological surveillance. A total of 1512 sera were collected in abattoirs from pigs of various herds in Nagasaki Prefecture. Non-specific inhibitor in the sera was removed as described previously (Jensen, 1961) . To prevent non-specific HI reactions caused by an antibody to NA, a reassortant (HK-e) and a H1 HA subunit (produced in silkworms by recombinant baculovirus bearing the A/sw/Ehime/1/80 virus HA gene) were also used in the serological survey.
• Nucleotide sequences. RNAs were extracted from egg-grown and purified viruses according to the method of Palese & Schulman (1976) and Nerome et aL (1983) . The nucleotide sequences of the HA1 domain of the HA genes of swine isolates from Nagasaki Prefecture were determined by deoxynucleotide chain termination using a series of synthesized oligonucleotide primers (Sanger eta]., 1977; Kanegae e# al., 1990 ). Also, 60 to 100 nucleotides of three polymerase (PB1, PB2 and PA), NP, membrane (M) and non-structural (NS) genes of the viruses were determined as described previously (Nerome et al., 1995) . To determine partial nucleotide sequences of these genes, we synthesized oligonucleotide primers as described previously (Nerome et al., 1995) .
• Phylogenetic analysis, The nudeotide sequences of the HA and NA genes of the reassortant viruses were analysed along with those of previously reported genes. Evolutionary trees were constructed from synonymous substitutions by the neighbor-joining method (Nei & Gojobori, 1986; Saitou & Nei, 1987) .
Results and Discussion

Influenza virus in the swine population of southern Japan
Between the winter of 1989 and the spring of 1990, the Nagasaki Prefectural Institute for Animal Health reported major influenza outbreaks in the swine population in two separate regions. The first outbreak began in mid-December 1989 around Nagasaki Prefecture (Fig. 1, III-1 ) and appeared to reach a peak in southern Nagasaki City in late January 1990. A total of 600 pigs showed typical signs of respiratory disease, such as a dry cough, nasal discharge, laboured breathing and high fever (over 42 °C) and four died. To investigate the epizootic background, nasal and tracheal swabs were collected at the time of bleeding. Four haemagglutinating agents were isolated from five pigs and their activities were inhibited by antiserum to the swine HIN1 influenza virus strains A/sw/ Iowa/15/30 and A/NJ/8/76. This sera, however, failed to inhibit the NA activity of the isolates.
A second outbreak was reported from swine herds located in the central district, 40 km northwest of the first outbreak, during April 1990 (Fig. 1, III-2) , Epizootic surveillance based upon clinical symptoms indicated that i80 pigs were suffering from a severe influenza-like illness. At this farm, four influenza virus isolates possessing H1 HA were obtained; their NA antigens did not react with antisera to subtype N1 NA.
Antigenic characterization of the causative influenza virus isolates
To determine the antigenicity of the eight isolates from the two epizootics, HI tests were performed using post-infection ferret antiserum to A/NJ/8/76 and antiserum monospecific for the NA of A/Aichi/2/68. All the isolates contained a HA antigenically similar to that of A/NJ/8/76 virus and a N2 NA antigenically similar to A/Aichi/2/68. Table 1 summarizes the antigenic charac~:eristics of four of the isolates. The antigenic characteristics of the virus isolates could be divided into two groups, as previously reported for swine influenza virus isolates in the swine population in Japan since 1978 (Nerome et a]., 1983) . A/sw/Nagasaki/1/89 and A/sw/Nagasaki/1/90 (both HIN2) reacted with all the MAbs tested, whereas the remaining two isolates (A/sw/Nagasaki/ 21/90 and A/sw/Nagasaki/22/90; also HIN2) failed to react with two (II7/2, 72/3) out of the five MAbs.
NI tests showed that all isolates contained NAs belonging to the N2 subtype. The antigenic characteristics of four of the isolates are shown in Table 1 . The NA activity of all isolates was s~rongly inhibited by antiserum monospecific for the NA of A/Aichi/2/68. Therefore the NA of the isolates was closely related antigenically to that of the early human Hong Kong virus. To confirm this, a panel of MAbs to NAs of two reference strains was also used in the tests; the NI patterns with three MAbs are shown in Table I . Two MAbs to A / T o k y o / 3/67 (H2N2) and one to A/Victoria/3/75 (HZN2) can distinguish NA antigens of the early and recent human Hong Kong viruses. The NI patterns indicated that four isolates from Nagasaki Prefecture reacted with MAbs to the latest Asian (H2N2) virus but not with those to human Hong Kong viruses isolated after I975. These reaction profiles were similar to those of the early human (A/Aichi/2/68) and swine (A/ Wadayama/5/69) H3N2 viruses. From a series of data obtained in HI and NI tests, we concluded that epizootic swine influenza viruses were reassortants containing HA and NA antigens that were closely related to recent swine H I and early human or swine N2 viruses.
Serological surveillance in the swine population in Nagasaki Prefecture
Acute and convalescent sera were collected from the swine from which nasal specimens were taken for virus isolation, and were examined for increases in antibody titres to HA and NA antigens using A / N J / 8 / 7 6 and A/sw/Wadayama/5/69 (antigenically identical to A/Aichi/2/68) viruses. As shown in Table 2 , seven convalescent sera showed significant increases in HI antibody titres to HI (A/NJ/8/76) virus. In addition, serum I from the first outbreak contained a high HI titre to both H1 and H3 (A/sw/Wadayama/5/69) viruses, suggesting previous infection with these viruses. Significant antibody titres to N2 NA were observed in nine convalescent sera.
To investigate antibody distributions in the swine population, 1512 sera from swine hems in four regions (Fig. I) were collected during January to April 1990 and subjected to the HI tests with H3NZ (A/sw/Wadayama/5/69) and H1NI (A/ sw/Kyoto/3/79) viruses. On the basis of serological surveillance, the distributions of antibodies to H3 and H1 viruses were similar in the central region (26"8 and 29"8 %; Table 3 ). In contrast, a larger proportion of sera from the southern region had HI antibodies against HI (46"6%) than against H3 (32"3 %) viruses. Of I00 sera collected in the Goto area, only 5 % showed a HI reaction with H3 virus; 48% of swine sera from the northern region contained antibody to both H1 and H3 HA. Overall, a large proportion of the sera contained antibodies to H1 or H3 viruses, with the exception of those from Goto.
Although virus isolation was not done in the Goto, northern and southern regions, a large population of sera 75! Table 1 . Antigenic analyses of the HA and NA antigens of the reassortant influenza viruses isolated from pigs during [1989] [1990] in Japan by hyperimmune sera and MAbs to H1 and N2 viruses
Values given are the reciprocals of the terminal serum or MAb dilutions inhibiting haemagglutination of the virus antigens tested. ND, Not determined. were used. Results showed that 32"0% and 13"3% of these sera contained antibody to H1 and H3 HA, respectively. Reduction of HI antibody to H3 virus may be due to a false-positive reaction with antibody to N2 NA. A number of sera containing lower HI titres did not react with HK-e (H3NI) antigens. Interestingly, a large proportion (48"3%) of sera had antibody to N2 NA of A/Aichi/2/68 but a small proportion (2"3 %) had antibody to N1 NA antigen. These results led us to speculate that HIN2 reassortants may play a role in outbreaks of influenza in swine populations in these three regions.
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Serological evidence may be much more important in understanding the role of HIN2 reassortants in the epizootic in the southern and northern regions. For this reason, I02 positive sera containing H1 antibody were further examined to determine distribution of H1 and H3 antibodies in relation to NA antigen. To prevent a non-specific HI reaction with N2 or N1 NA antigens, we used a H3N1 reassortant (HK-e) and H1
75~
iiiiiiiiiiiiiii!iiiiiiiiiiiiiii iiii iiiii iii iii!iliiiiiiii Table 4 . Antibody distribution in selected swine sera tested usin 9 authentic virus antigens, H1 HA and a reassortant virus A total of I02 swine sera with antibodies to H1 HA were collected from northern and southern regions; some contained antibody to A/Aichi/2/68 virus. They were analysed in detail with reassortant virus (HK-e), Nei & Gojobori (1986) , using the number of synonymous (silent) substitutions. We determined the HA and the NA sequences of A/sw/Nagasaki/1/89 and A/sw/Nagasaki/1/90; previously published sequences of 17 HAs and 20 NAs were also used (a, Sugita et al., 1991 ; Li et al., 1992; 994; b, Nerome et al., 1991 b, Nerome et al., , 1995 . HA produced by baculovirus. Data presented in Table 4 showed that 94"1% of the sera only had antibody to H1 HA. Of 102 sera, only six failed to inhibit haemagglutination of purified H1 HA. In contrast, it was evident that the distribution of antibodies to H3 HA was low (15"6%). Using the combination of antibodies to the HA and NA antigens shown in Table 4 , we concluded that a small number of authentic HLNI (1"9%) and H3N2 (15"6%) viruses may circulate in the swine population in Nagasaki. Reduction in distribution of antibody to H3 virus may be attributable to non-specific reaction with N2 NA antibody. Indeed, 13 out of 29 sera containing antibody to A/Aichi/2/68 failed to react with HKe virus. A reassortant virus may therefore have played an important role in severe outbreaks of swine influenza in Nagasaki Prefecture. This is the first evidence to demonstrate that a reassortant (HIN2) virus was the predominant virus of 5~ 2!JiiJii2iiiZiiiiiiii iiJi i i iiiii iii }ii ii iiiiiiiiiiiiii}iiiiiiiJJiiiiiiiiiii an influenza epizootic in swine populations. We also compared the level of NA antibody using A/sw/Nagasaki/1/89 and three human Hong Kong (HdN2) strains isolated between I968 and 1979. The serum samples collected showed a higher mean NI titre (61"8) with the early human N2 from A/sw/ Nagasaki/i/89 virus than with A/Tokyo/6/73 (9"5) and A/Bangkok/I/79 (4"0), suggesting a constant circulation of the early human or swine HdN2 virus in the swine populations in Japan.
Evolutionary analysis of the HA and NA genes
The nucleotide sequences of the HA genes of A/sw/ Nagasaki/I/89 (swNAG89) and A/sw/Nagasaki/1/90 (swNAG90) viruses were determined. Through a series of pairwise comparison among swine viruses, the degree of nucleotide and amino acid sequence similarity between the Nagasaki swNAG89 and Ehime swEHM80 isolates was apparently higher (93"9 and 93"3 %, respectively) than that of the remaining viruses isolated before 1963.
A phylogenetic tree was constructed from synonymous (silent) substitutions using the known sequences of 17 H1 HA genes and those determined in the present study (Fig. 2a) . Even though the tree was similar to that reported by us previously (Kanegae eta] ., 1994), four distinct branches were identified: (i) classical swine strain (Iowa 30), (ii) recent swine strains, (iii) early human strains and (iv) recent human strains. Although the branches giving rise to the NJ76 strain had previously divided from the lineage containing the classical swine strain, swNAG89 and swNAG90 were located on the same branch nearest to swEHMS0.
We also determined the evolutionary position of the N2 NA gene of the Nagasaki reassortant viruses because this gene is closely related to that of the early human HdN2 virus. The known nucleotide sequences of 20 NA genes were compared with those of the above reassortants. The phylogenetic tree constructed from synonymous substitutions was similar to that determined in our previous study (Nerome eta] ., 1991) and is comprised of four lineages (Fig. 2 b) . These lineages contain: (i) early Asian strains, (ii) late Asian and the early human Hong Kong strain, (iii) recent human Hong Kong strain and (iv) early swine Hong Kong strains. Within the last lineage, swNAG89 and swNAG90 formed a minor branch along with swEHM80.
In addition to the evolutionary position of the NA gene, the highest nucleotide sequence similarity between a 1980 swine reassortant and viruses isolated in outbreaks in Nagasaki Prefecture was 96"3%. This was comparable with evidence obtained from antigenic analysis suggesting that the NA gene of a Nagasaki epizootic swine reassortant virus was derived from that of a reassortan~ (HIN2) virus isolated in Ehime Prefecture in 1980.
The results obtained with the epizootic reassortant influenza A viruses involved in influenza outbreaks in the swine population during [1989] [1990] in Japan indicated that the 
Genomic constellation of the reassortant viruses
In order to determine the origin of other genes of the reassortant H1N2 viruses, the partial nucleotide sequences of PB2, PB1, PA, NP, M and NS genes were determined and compared with those of published swine HdN2 and HIN1 viruses. The results are summarized in Table 5 . In the three polymerases (PB2, PB1 and PA), swNAG89 showed higher sequence similarity (95-97%) to the recent swine HIN1 virus (TEN77) than to those of recent human H3N2 virus (85-87%), suggesting that these genes are derived from the swine HIN1 virus. Interestingly, the degree of nuc/eotide sequence similarity of NP genes between swNAG89 and swine HIN1 viruses (97%) was higher than that with human HdN2 virus (87%). Like the NP gene, there was higher similarity (97%) between segment 7 (M) of swine HIN1 and the reassortant virus l-han with H3N2 virus. The smallest RNA segment coding for the NS proteins showed considerable similarity with that of swine HIN1 virus (88 %); however, the extent of nucleotide sequence similarity with classical swine virus was only slightly higher than that of H3N2 virus (83 %).
iiiiiiiii iiii!ii i iiiiiiiii iiiiiiiiiiiii i i ! iii ii ii i!i!!iii iiiii iJ Prior to the HI test, sera were treated with RDE and chicken red blood ceils as described previously (Nerome eta/., 1983) . HI titres of 32 or greater were counted as positive.
Thus, from the nucleotide sequence homologies, we concluded that the seven RNA segments of swNAG89 virus were derived from HIN1 virus and only the NA gene was from the earliest swine H3N2 virus. Even though exchange of eight RNA segments between viruses would theoretically occur at the same frequency, the gene constellation of all reassortant viruses isolated between 1978 and 1990 in Japan appeared to be identical (Nerome ef al., I983, 1985) . This showed that only the NA gene of the above reassortants was derived from human or swine H3N2 virus. These results suggested that there may be a preference for certain gene constellations for survival in swine.
From the viewpoint of pandemic strains, outbreaks of swine influenza caused by the swine HIN2 reassortant viruses were further evaluated in 1976 and 1991 using human sera. Sera were collected from people in farm areas around Kurume City, Fukuoka Prefecture, which is about 40 km north of Nagasaki Prefecture. Individuals under 44 years of age from whom sera were taken had lived in agricultural villages. They may have therefore had direct or indirect contact with pigs, since the Kyushu district (Kagosima, Nagasaki, Kumamoto, Miyazaki and Fukuoka Prefectures) is well known for its pig production. Sera were assayed by HI tests with A/NJ/8/76 virus and the results are presented in Fig. 3 . Although HI antibody titres over 32 were not detected in sera from individuals under 39 years of age in 1976 (Fig. 3 a) , it was noteworthy that relatively high HI titres (128) were prevalent in three sera from individuals younger than 44 in 1991 (Fig. 3 b) . This suggests the recent occurrence of infection by swine H1 virus in southern Japan. Despite the same H1 subtype, HI crossreaction among human HIN1 and swine HIN1 virus is very low (data not shown). It is far from certain that the swine H1 virus will appear in the near future as a pandemic strain, but the above evidence suggests the need for continual virological surveillance in swine and humans in southern Japan.
